Mammalian thioredoxin reductases (TrxRs) contain selenium as selenocysteine (Sec) in the C-terminal redox center -Gly-Cys-Sec-Gly-OH to reduce Trx and other substrates; a Sec-to-Cys substitution in mammalian TrxR yields an almost inactive enzyme. The corresponding tetrapeptide sequence in Drosophila melanogaster TrxR (Dm-TrxR), -Ser-Cys-Cys-Ser-OH, endows the orthologous enzyme with a catalytic competence similar to mammalian selenoenzymes, but implementation of the Ser-containing tetrapeptide sequence SCCS into the mammalian enzyme does not restore the activity of the Sec-to-Cys mutant form (turnover number <2/min). MOPAC calculation suggested that the C-terminal hexapeptide Pro-Ala-SerCys-Cys-Ser-OH functions as a redox center that alleviates the necessity for selenium in Dm-TrxR, and a mutant form of human lung TrxR that mimics this hexapeptide sequence showed improved catalytic turnover (17.4/min for DTNB and 13.2/min for E. coli trx) compared to the Sec-to-Cys mutant. MOPAC calculation also suggested that the dominant form of the Procontaining hexapeptide is a Cþ conformation, which perhaps has a catalytic advantage in facile reduction of the intramolecular disulfide bond between Cys497 and Cys498 by the N-terminal redox center in the neighboring subunit.
Mammalian thioredoxin reductases (TrxRs) contain selenium as selenocysteine (Sec) in the C-terminal redox center -Gly-Cys-Sec-Gly-OH to reduce Trx and other substrates; a Sec-to-Cys substitution in mammalian TrxR yields an almost inactive enzyme. The corresponding tetrapeptide sequence in Drosophila melanogaster TrxR (Dm-TrxR), -Ser-Cys-Cys-Ser-OH, endows the orthologous enzyme with a catalytic competence similar to mammalian selenoenzymes, but implementation of the Ser-containing tetrapeptide sequence SCCS into the mammalian enzyme does not restore the activity of the Sec-to-Cys mutant form (turnover number <2/min). MOPAC calculation suggested that the C-terminal hexapeptide Pro-Ala-SerCys-Cys-Ser-OH functions as a redox center that alleviates the necessity for selenium in Dm-TrxR, and a mutant form of human lung TrxR that mimics this hexapeptide sequence showed improved catalytic turnover (17.4/min for DTNB and 13.2/min for E. coli trx) compared to the Sec-to-Cys mutant. MOPAC calculation also suggested that the dominant form of the Procontaining hexapeptide is a Cþ conformation, which perhaps has a catalytic advantage in facile reduction of the intramolecular disulfide bond between Cys497 and Cys498 by the N-terminal redox center in the neighboring subunit.
Key words: thioredoxin reductase; selenocysteine; Drosophila melanogaster; semiempirical molecular orbital calculation; redox motif Mammalian TrxR is a flavoenzyme belonging to a family of homodimeric pyridine nucleotide-disulfide oxidoreductases that includes glutathione reductase, lipoamide dehydrogenase, and mercuric ion reductase. 1) Mammalian TrxR contains selenocysteine (Sec), which is required for its activity. 2, 3) Using reducing equivalents from NADPH, TrxR maintains high levels of reduced thioredoxin, thereby forming the thioredoxin system, which is important for a wide range of cellular functions. 4) The form of TrxR found in archaea, bacteria, plants, and yeast is a homodimer of a 35-kDa subunit (referred to as low Mr TrxR) containing FAD and a redox-active disulfide/dithiol. Low Mr TrxR does not contain Sec and has domain features distinct from those of mammalian enzymes. High Mr TrxR (subunits 54-58 kDa), which is present in higher eukaryotes, has a domain structure similar to that of glutathione reductase, but with a third redox-active group at the C-terminus extension sequence. The third redox-active group is a selenenylsulfide/selenolthiol in mammals, and a disulfide/dithiol in insects. 1, 3, 5) The characteristic Cterminal motifs are -Gly-Cys-Sec-Gly (GCUG) in mammals and -Ser-Cys-Cys-Ser (SCCS) in insects. Sec can generally be regarded as having the role of an extraordinarily reactive cysteine (Cys) homolog, and the direct substitution of Cys for Sec in selenoproteins typically decreases turnover by 10-to 100-fold, 6) as also found for mammalian TrxR. 3, 5) The flow of reducing equivalents in high Mr TrxR is from NADPH to enzyme-bound FAD, from reduced flavin to the Nterminal disulfide (Cys59-Cys64), and subsequently to the C-terminal selenenylsulfide (Cys497 0 -Sec498 0 ) in the neighbor subunit. The selenol (-SeH) and thiol (-SH) formed in the reduced enzyme is a direct reductant of thioredoxin as well as of most other substrates of the enzyme. 3, 5) Early studies of the catalytic mechanism of Dm-TrxR suggested that the flanking serine residues in the wildtype enzyme (SCCS) are critical for activation of the redox-active Cys residues, so that the Dm-TrxR nearly matched the catalytic efficiency of the mammalian enzyme.
7) It was also found that when Sec was introduced into Dm-TrxR at the penultimate position, corresponding to that in the mammalian enzyme, the flanking Ser residues were no longer necessary for activity. It was concluded that Dm-TrxR must have evolved with additional local active-site features that are not shared by the mammalian enzyme, and that the flanking Ser residues constitute the terminal redox center activating the Cys residues in the insect enzyme. This pioneering work implied the possibility that significant activity is reproduced when the flanking Ser residues are introduced into the Sec-to-Cys mutant form of mammalian TrxR, but implementation of two flanking Ser residues did not make the Sec-to-Cys mutants catalytically active. 8) Although the rat SCCS mutant form of TrxR contained all of its redox-active centers in at least a minimally functional state, it had less than 0.5% activity, as compared to that of the wild-type enzyme, y To whom correspondence should be addressed. Tel: +81-86-251-8293; Fax: +81-86-251-8388; E-mail: tktamura@cc.okayama-u.ac.jp Abbreviations: TrxR, Trx reductase; Dm-TrxR, Drosophila melanogaster TrxR; Sec, selenocysteine; U, one-letter code for Sec suggesting that the active site microenvironment of Dm-TrxR was fine-tuned during evolution to support the Ser-mediated activation of Cys residues in the active site. Alternatively, one might also say that the features supporting such activation were not completed by the tetrapeptide sequence.
The reason for the loss of enzyme activity in the Secto-Cys mutant of mammalian TrxR has been experimentally identified by using a mutant form of human placental TrxR1 expressed in Escherichia coli.
3) Biochemical experiments have led to the hypothesis that the formation of a disulfide bond between two adjacent Cys residues is unfavorable because of the distance between the sulfur atoms, and also because it requires constraint of the intra-cysteinyl peptide bond to the cis rather than the preferred trans orientation. The larger atomic size of selenium is thought to obviate these unfavorable characteristics.
In the course of the present study, we speculated that the C-terminal hexapeptide sequence in Dm-TrxR, ProAla-Ser-Cys-Cys-Ser-OH, can function as a redoxactive motif forming a stable disulfide bond, based on molecular orbital calculation at semiempirical levels. Accordingly, we mutated the human lung TrxR gene to mimic the C-terminal active site of Dm-TrxR (PxSCCS) and characterized its kinetic properties. The human/ Drosophila hybrid enzyme showed a catalytic turnover that corresponded to a more than 9-fold increase as compared to the Sec-to-Cys mutant enzyme. Then the conformational preference of the Pro-containing hexapeptide sequence was estimated by molecular orbital calculations. The geometry of the model peptide Nacetyl-Pro-Ala-Ser-ox[Cys-Cys]-Ser-OH was optimized as aqueous states, using the four template conformers Cþ, CÀ, TÀ, and T 0 À, which were experimentally elucidated for the oxidized dipeptide model, N-acetylox[Cys-Cys]-NH 2 by NMR spectroscopy. 9) Our calculations suggested that a Pro residue places itself near the disulfide bond, and that this particular hydrophobic interaction favors the Cþ conformer over the other three conformations. This working hypothesis is in agreement with previous reports that vicinal Cys-Cys must have the Cþ-conformer for efficient catalysis in Dm-TrxR, 10, 11) and it was also confirmed by our observation that the catalytic turnover of TrxR-PASCCS depended on an appropriate concentration of salt in the buffer.
Materials and Methods
Bacterial strains and DNA manipulation.
(Stratagene, La Jolla, CA) was used as expression host for the mutant enzyme, and pET32a (Novagen, Madison, WI) was used as expression vector. E. coli TOP10 (Invitrogen, Carlsbad, CA) was used to clone mutant genes. General DNA manipulation was performed as described by Sambrook and Russell. 12) Restriction enzymes and DNA polymerase were purchased from Toyobo (Osaka, Japan). Plasmid DNA was isolated using a Quantum Prep Kit (BioRad, Tokyo). DNA sequencing was performed using a BigDye cycle sequencing kit (ABI, Tokyo) and a model 310 capillary DNA sequencer (Applied Biosystems, Foster City, CA). C. The cells were washed twice with sterile saline and inoculated into four batches of 50 mL of Circlegrow medium (Q-BIOgene, Solon, OH) containing 50 mg/mL of ampicillin and 1 mg/mL of riboflavin. The cells were grown at 28 C for 22 h, and enzyme induction was carried out at 18 C for 22 h in the presence of 0.3 mM IPTG. Cells were harvested by centrifugation at 7;000 Â g for 20 min, and suspended in a lysis buffer containing 50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 1 mM EDTA, 1 mM MgCl 2 , 10 mM imidazole, and 0.1% triton-X; then a crude cell extract was prepared by sonic disruption using a cup sonicator, Insonator 201M (Kubota, Tokyo) at 150 W for 30 min. Cell debris was removed by centrifugation at 8;000 Â g for 20 min, and insoluble proteins were removed by ultracentrifugation at 10;500 Â g for 60 min. The clear supernatant solution was loaded on a 2-mL Ni-agarose NTA column (Qiagen, Valencia, CA), which was then washed with a wash buffer containing 50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 1 mM EDTA, 1 mM MgCl 2 , 20 mM imidazole, and 0.1% triton-X. The recombinant, trxtagged TrxR-PASCCS, was obtained by elution with 5 mL of the same buffer containing 150 mM imidazole. The trx-tagged protein was precipitated with 80% saturated ammonium sulfate and stored at 4 C until digested by enterokinase. Digestion was carried out in a solution (1.5 mL) containing 1.5 mg of trx-tagged TrxR-PASCCS, 10 U of enterokinase, and 150 mL of Â10 buffer at 20 C for 22 h. Protease treatment was stopped by the addition of 1 mM PMSF, and the solution was passed through 1 mL of Ni-agarose in a column to remove the trx tag and undigested fusion protein. The recovered enzyme solution containing approximately 0.5 mg TrxR-PASCCS was dialyzed against 100 mM potassium phosphate buffer, pH 7, to remove imidazole and metals.
Construction of TrxR
Enzyme kinetics. Two enzyme assays were employed for measuring catalytic activity to reduce 5,5 0 -dithio-bis (2-nitrobenzoic acid) (DTNB) and thioredoxin (trx) respectively. The DNTB assay contained 0.24 mM NADPH, 10 mM ethanolamine, 10 mM EDTA, and 0.02% bovine serum albumin in 100 mM potassium phosphate, pH 7.4. For each concentration of DTNB, background activity was corrected by the addition of the buffer alone. Activity was measured by the increase in absorbance at 412 nm and calculated using the extinction coefficient for thionitrobenzoic acid (13.6 mM À1 ). In the GHOST (glutathione as substrate of Trx) assay, enzyme samples were added to a cuvette containing 100 mM potassium phosphate buffer, pH 7.4, 2 mM EDTA, 100 mM NADPH, 1 mM glutathione disulfide, and trx at varied concentrations. Oxidation of NADPH was monitored as the decrease in absorbance at 340 nm (" NADPH ¼ 6:22 mM À1 cm À1 ). The optimum pH was determined by DTNB assay in 30 mM citrate-potassium phosphate-borate buffer or 100 mM potassium phosphate-10 mM ethanolamine in a range from 7.0 to 8.5 with a constant concentration of 1.5 mM DTNB. The effect of ionic strength was examined by enzyme activity assay in 50 mM or 100 mM potassium phosphate buffer, pH 8.0, supplemented with varied concentrations of KCl.
Semi-empirical molecular orbital calculation. An Epson Endeavor Pro900 personal computer with a Pentium IV 1.4 GHz CPU, 1028 MB memory and the Windows XP Home edition operating system was used for molecular orbital calculation at semi-empirical levels using WinMOPAC 3.9 Pro (Fujitsu) and Quantum CAChe ver 6.1 (Fujitsu). The geometry of the C-terminal region of rat TrxR was used as a template for constructing the initial model structure. N-acetyl-Ser-IleLeu-Gln-Ala-Gly-Cys-Cys-Gly-OH, and N-acetyl-Pro-Ala-Ser-CysCys-Ser-OH were made by mimicking the corresponding structures of X-ray crystallography (2ZZO.pdb, 2NVK.pdb). The oxidized peptides were made on 3eao.pdb, and the reduced form was made on the corresponding sequence region in 3ean.pdb. Sulfur atoms were replaced with selenium when the sequence contained the Sec residue. The structures were optimized by molecular mechanistic optimization MM2 and saved in MOPAC input format, MOP. The Mop-formatted files were opened in WinMOPAC 3.9 Pro (Fujitsu), and the geometry was further optimized by a semi-empirical molecular orbital calculation. Reduced and oxidized forms of peptides were geometrically optimized using AM1 Hamiltonian with the command ''Cosmo in water,'' which takes account of the solvent effect around the molecule. 13, 14) The heat of formation for hydrogen molecules was added to the oxidized form of the model peptide, and the enthalpy difference between oxidized (Hox þ H H2 ) and reduced (Hred) forms was represented by subtraction, ÁH ¼ Hox þ H H2 À Hred. The oxidized forms of hexapeptide, N-acetyl-Pro-Ala-Ser-ox[Cys-Cys]-Ser-OH, were used to search for the optimized geometry in aqueous solution, in which the five dihedral angles 2, Cys11, Cys21, S-S3, and 1 were set to define the 8-membered ring conformation in accord with the four major conformations, TÀ, T 0 À, Cþ, and CÀ (Fig. 1) . All the other structural parameters, including bond length, angles, and dihedral angles, were optimized in an aqueous state, which was simulated by AM1 Hamiltonian at the semi-empirical level.
Results

Semi-emperical molecular orbital calculation
The difference in the heat of formation, computed on an optimized geometry using MOPAC, was used as an indication of the relative stability of the model peptides by different redox states and conformational changes. Our calculations suggested that the Sec-containing model peptide (seq#1), mimicking the C-terminal sequence in mammalian TrxR, should be more stable in the oxidized form than in the reduced form (Table 1) . In contrast, the sequence that has two adjacent Cys residues, corresponding to the Sec-to-Cys mutant enzyme (seq#2), gave a positive ÁH value of 6.03412 kcal/mol, indicating that the sequence is more stable in the reduced form than in the oxidized form. This is experimentally supported by previous studies on Sec-toCys mutants of mammalian TrxR. 3, 5) Mimicking the Drosophila teterapeptide sequence by introducing a pair of Ser residues at the flanking position of the vicinal cysteines (seq#7) did not give a negative ÁH; however, mimicking the Dm-TrxR up to the Pro residue (seq#3) allowed ox[Cys-Cys] disulfide formation with a negative ÁH of À79.32698 kcal/mol, suggesting that the hexapeptide sequence allows facile disulfide formation. Furthermore, it was also found that disulfide bond formation become greatly unfavorable when either flanking Ser was replaced by Gly (seq#3-6), and this was in agreement with the reported activity loss in the Ser-to-Gly mutant ezymes. 7) Our MOPAC calculation suggests that the SCCS tetrapeptide needs the proline residue at the preceding position to function as an active redox motif.
To visualize how proline and serine residues can stabilize the oxidized form of vicinal cysteines, the geometry-optimized structures were superimposed on the disulfide bond of model peptides, using conformers predicted for the model peptides, N-acetyl-Pro-Ala-SerCys-Cys-Ser-OH and N-acetyl-Pro-Ala-Gly-Cys-CysGly-OH. The disulfide bond made close contact with the Pro residue at the C-C position when two serines were introduced at the flanking position ( Fig. 2A) . MOPAC calculations predicted that the distance between the C-C of proline and the disulfide bond can be slightly longer when either one of two serine residues is replaced by Gly (data not shown). It was speculated from our extensive molecular orbital calculations that the Pro-Ala residue before the SCCS-tetrapeptide sequence leads to compression of the C-terminal sequence to facilitate disulfide bond formation, which is presumably the rate-limiting step in catalysis. The proline residue is one of the amino acids highly conserved in Se-independent insect TrxRs, but sequence homology gives no rationale for the structural requirement of a redox-active motif in Dm-TrxR (Fig. 2B) .
Enzymatic activity in human lung TrxR with the PASCCS mutation
The PASCCS mutant of human lung TrxR was produced as described in ''Materials and Methods.'' The catalytic activity and turnover were assayed using DTNB or E. coli thioredoxin (trx) as substrate. The plots of NADPH consumption rate versus substrate concentration were hyperbolic when the concentrations of DTNB and trx were up to 15 mM, and 3 mM respectively (Fig. 3A) . The best-fit values of the Michaelis constant (Km) and the maximum velocity (Vmax) were determined by non-linear regression. For catalytic DTNB reduction, the Km and Vmax values were 4:69 AE 0:89 mM and 331:3 AE 22:6 mU/mg respectively. The Vmax value corresponded to a turnover of 17.4 per min. NADPH-dependent trx-reduction, as measured by GHOST assay gave Km and Vmax values of 1:18 AE 0:40 mM and 438:2 AE 68:8 mU/mg respectively. The turnover for the E. coli trx was 13.2 per min. Based on human lung TrxR purified from lung adenocarcinoma cells, which reportedly has the turnover number of 335/min for E. coli trx, 15) the enzyme activity of The enthalpy change ÁH is defined to give the larger negative values when the disulfide bridge is favored over the reduced form.
TrxR-PASCCS was 4% of selenium-containing human lung TrxR. Therefore, although further structural finetuning is required to the level of wt-DmTrx and human selenoprotein, the implementation of Pro residue remarkably improved the activity of the Sec-to-Cys mutant form, since the Cys form of TrxR has a turnover number of <2/min under the same conditions.
Effects of buffer/salt concentrations on TrxR with the PASCCS mutation Figure 3B shows the effect of pH on the specific activity of the enzyme measured with DTNB as substrate in 30 mM citrate-phosphate-Tris buffer and in 100 mM potassium phosphate buffer. The phosphate buffer allowed the enzyme to give higher activity than the mixed buffer, which allowed catalytic activity of no more than 100 mU/mg. Accordingly, KCl was added to 50 mM or 100 mM potassium phosphate buffer, pH 8, and enzyme activity was assayed using DTNB as substrate (Fig. 3C) . KCl added to 50 mM or 100 mM phosphate buffer increased ionic strength in a range of 0.1-1.4 M, and the enzyme appeared to require appropriate concentrations of salt for catalysis. This interesting effect might be a significant indication that the hydrophobic interaction between Pro residue and disulfide bond is supported by an appropriate ionic strength in the solvent.
Conformational analysis of the C-terminal sequence of Dm-TrxR
To understand the conformational preference adopted by the C-terminal hexapeptide sequence, the geometry of model peptide N-acetyl-Pro-Ala-Ser-ox[Cys-Cys]-Ser-OH was further optimized by molecular dynamics A, Predicted interaction between Pro residue and disulfide bond in N-acetyl-Pro-Ala-Ser-Cys-Cys-Ser-OH (cyan) and N-acetyl-ProAla-Gly-Cys-Cys-Gly-OH (orange). The two models were superimposed on the disulfide bond in the ox[Cys-Cys] redox core. B, Multiple alignment of C-terminal sequences of TrxRs from malaria mosquito, yellow fever mosquito, honeybee, Drosophila melanogaster, D. pseudoobscura, rat, and human. U represents selenocysteine. The conformers can be cis (C) or trans (T) with respect to the amide bond between the Cys residues, along with the helicity of the disulfide bond, which is either positive (þ) or negative (À). The T isomer can further adopt the T 0 conformation due to flexibility in the endocyclic amide proton. 24) on Chem3D and molecular orbital calculations at the semi-empirical level AM1 on WinMOPAC. Energy minimization of the hexapeptide models drastically altered the original position of Pro residue, which eventually moved to the position near the disulfide bond, while the 8-membered ring conformers defined by dihedral angles, 2, Cys11, Cys21, S-S3, and 1, were only slightly altered, and the differences among those angles were within a range of AE10 (Fig. 4) . Hence, the Cþ form was suggested to have the lowest heat of formation of the four major stable conformations, and the other three conformers had degenerated energy levels from À440.52466 (CÀ) to À437.93049 (T 0 À) kcal/mol (Table 2) . A previous study of a model dipeptide, N-acetyl-ox[Cys-Cys]-NH 2 , revealed that the ratio of the four major conformers of TÀ/T 0 À/Cþ/CÀ was 47:15:29:9, with trans conformers more dominant over the cis conformations. 9) However, based on our simulation, we speculated that hydrophobic interaction between Pro and disulfide bond can alter the conformational preference for the oxidized cysteines to dominate the Cþ conformer over the other stable conformations.
Discussion
An important question in elucidating the mechanism of high Mr TrxRs is how the Cys-Cys or Sec-Cys dyad becomes oxidized and reduced as well. Replacement of Sec with Cys in the mammalian enzyme results in a large loss of activity. The formation of a disulfide bond between two adjacent Cys residues in a polypeptide is normally unfavorable because of the distance between sulfur atoms, and also because it requires constraining the Cys-Cys peptide bond in the cis orientation. 16, 17) The selenol group in a Sec residue in the mammalian enzyme helps to obviate the unfavorable 8-membered ring formation with the larger atomic size of selenium as compared to that of thiol, in addition to the essential role of selenolate as a reactive nucleophile with lower redox potentials than the thiol group.
An unusual feature of Dm-TrxR is the presence of a C-terminal catalytic disulfide bond between vicinal Cys residues. Such a disulfide bond can be found in proteins deposited in the Brookhaven Protein Data Bank at a very low frequency. 18, 19) In structures in which this type of disulfide is found, the intervening peptide bond torsion angle is highly strained, with values ranging from 159 to À133
. It was noted in the structures of two hepcidins, of human and bass, that the intervening peptide bond between two cysteinyl residues appeared to be undergoing conformational exchange on the NMR time scale, indicating that this portion of the molecule has high flexibility. 20, 21) Early attempts at conformational analysis of a model compound, ox-[Cys-Cys], were conducted in organic solvents, 22, 23) in mixed aqueous/organic solvents, 24) or in an aqueous environment. 22) Despite the difficulties of data interpretation due to the low NMR resolution, it was postulated that the complex spectrum observed for ox-[Cys-Cys] was due to simultaneous isomerization about the amide bond and interconversion of the helicity expected for the disulfide bond. 23) According to a more thorough study using two-dimensional NMR techniques and Monte Carlo conformational search with energy minimization, four representative low-energy conformers, T 0 À, TÀ, Cþ, and CÀ, were identified as the global minimum, and NMR analysis indicated that these conformers were also present in longer peptides with four or 11 amino acids. 9) Our computational studies indicated for the first time the remarkable effect of Pro residue on disulfide bond formation and on conformer preference in a model peptide, N-acetyl-Pro-Ala-Ser-ox-[Cys-Cys]-Ser-OH. Geometry optimization did not largely alter the 8-membered ring conformers from the four initial conformers, T 0 À, TÀ, Cþ, and CÀ, while the Pro residue underwent drastic changes in conformation through energy minimization. Pro residue was associated closely to the disulfide bond, and the relative energy levels for the four conformers changed accordingly. The Cþ conformer had a lower heat of formation than the other conformers, T 0 À, TÀ, and CÀ, and it can be inferred from our computation that the Cþ conformer is the most stable and thus the dominant form of the hexapeptide model that undergoes an interchange of equilibrium. The Cþ conformer was also speculated to exist in a previous study on Dm-TrxR; the superposition of sulfur atoms of the tetrapeptide Ser-Cys-Cys-Ser located in the active site of TrxR of Drosophila suggested that the Cþ conformation is required for His464 0 to donate Hþ to Cys490 0 and thus to facilitate the ring-opening step during the catalysis. 10) Our experiment suggests that further structural modification is required to improve the mutant form of human lung TrxR. It has been suggested that Dm-TrxR has a more open tetrapeptide-binding pocket than the mammalian enzyme.
10) The residues from helix 3 proximal to the FAD-associated active site are less bulky and more freely accommodate the hydroxyl group of the adjacent serine residues (SCCS). The increase in available space is likely to make the enzyme more amenable to the C-terminal Pro-Ala-SCCS sequence, whose conformation is mostly in the form of Cþ. The conformer is required for facile protonation at the leaving-group Cys during disulfide interchange at the redox center adjacent to FAD. 10) In contrast, mammalian TrxRs have evolved a more restricted binding pocket by incorporating the bulkier residues Leu and His, which project into the corresponding binding pocket for the C-terminal redox center containing the S-Se bond. Our current efforts to implement the open binding pocket of Dm-TrxR in the mammalian enzyme might improve catalytic turnover to the level of Se-independent Dm-TrxR.
